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FIG. 3. The measured input impedance of 16 elements placed in parallel. 
transform of this response. The elements have a center fre-
quency of3.1 MHz and a 6-dB bandwidth of65%. The inser-
tion loss of each element was determined by exciting the 
element with an rf tone burst and measuring the amplitude 
of the reflected wave from the far end of the aluminum block. 
After correcting for both the reflection coefficient of a 90° 
corner in aluminum7 and the diffraction loss, the measured 
two-way conversion loss of each element is 14 dB. 
The input impedance of 16 elements of the array, placed 
in parallel, was measured and is shown as a function of fre-
quency in Fig. 3. The insertion loss of these elements corre-
sponds within 2 dB to the electrical mismatch loss when 
measured into a 50 n. The acceptance angle of the central 
element was measured by exciting it with a narrow pulse and 
receiving the signal with a wedge transducer that is moved 
along a 6-cm circle, facing the central element. The maxi-
mum amplitude of the pulse received by the wedge trans-
ducer versus angle is plotted in Fig. 4. The 6-dB acceptance 
angle is measured to be ± 35°. One might expect that a still 
broader bandwidth and wider acceptance angle could be ob-
tained if the array were bonded to a material with a better 
acoustic impedance match to PZT 5H. 
The surface wave generated in the substrate has been 
coupled onto a substrate under test by holding the two pieces 
parallel to each other and using a thin film of water approxi-
mately 5 mm long as the coupling medium. 8 For aluminum-
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FIG. 4. The angular response of a single transducer element. 
aluminum coupling, it has been calculated that at a center 
frequency of 3.1 MHz, the transfer loss is 2.7 dB with an 
optimum coupling length of 4.5 mm. Experimentally, the 
one-way transfer loss is measured to be 3 dB. 
A new type of edge-bonded surface-acoustic-wave 
transducer has been built. The array has the advantages of 
simpler construction and use than the conventional slotted 
array, and furthermore should not give rise to aberrations in 
a focused surface wave image. High efficiency, broad band-
width, and wide acceptance angles for the individual ele-
ments have been obtained. 
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The possibility of sound amplification in a semiconductor subjected to an external temperature 
gradient is discussed. It is shown that for kl < 1 and short-circuited samples, the temperature 
gradient threshold for amplification varies inversely proportional to (kl)2. 
PACS numbers: n.20.Pa, n.lO.Di 
Several mechanisms are known to give rise to acoustic 
phonon instability in semiconductors due to the electron-
phonon interaction. These mechanisms include, among oth-
ers, the influence of a dc electric field, 1.2 the direct conversion 
of radio waves and microwaves into acoustic waves,l" and 
the influence of a strong electromagnetic wave. H More re-
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cently, however, the possibility of amplification of sound in a 
semiconductor subjected to a temperature gradient has been 
investigated by Sharma and Singh" using a hydrodynamic 
approach (kl ~ 1; k is the sound wave number and I is the 
electron mean free path). The semiconductor is assumed to 
be electrically short circuited in the direction of propagation 
of sound and of the temperature gradient so that the latter 
maintains an electric current through the sample. It is shown 
in Ref. 8 that the absorption of sound changes to amplifica-
tion when the drift velocity of the carriers exceeds the sound 
velocity, i.e., 
(l) 
where U d is the electron drift velocity due to the temperature 
gradient VT, kB is the Boltzmann constant, T is the electron 
relaxation time, m is its effective mass, and Us is the sound 
velocity. The investigation of this "thermoelectric" amplifi-
cation of sound in the opposite limiting case, kl> 1, has been 
done by Epshtein9 who showed that the amplification is also 
possible in an electrically open-circuited sample (i.e., in the 
absence of an electric current). The temperature gradient 
threshold for this amplification was found/ for kl> 1, to de-
pend on both the scattering mechansim and the sound fre-
quency, and is of the same order of magnitude as the one for 
short-circuited conditions as given by Eq. (1). Physically, the 
open-circuit amplification is possible because, if kl> 1, the 
interaction of an acoustic wave with electrons can be regard-
ed as the absorption and emission of phonons by individual 
electrons, and the probabilities of these processes depend on 
the electron energy. The application of a temperature gradi-
ent to a semiconductor produces a finite heat flux so that 
electrons drifting in one direction have a higher energy than 
those drifting in the opposite direction. If the external circuit 
is open, these "hot" and "cold" electron currents compen-
sate each other and may eventually lead to sound amplifica-
tion due to emission and absorption of phonons at different 
rates. 
The aim of the present work is to give a detailed analysis 
of the thermoelectric amplification of sound in the classical 
regime (kl ~ 1) for short-circuited samples. In particular, it is 
shown in the following that the temperature gradient thresh-
old for amplification varies inversely proportional to (kl) 2 in 
the low-frequency region, and that the results of Ref. 8 
should be understood as a high-frequency limit of the classi-
cal approach. We assume the sample is short circuited in the 
direction of the temperature gradient (z direction) and that 
the phonon wavelength is much greater than the De Broglie 
wavelength of the electrons, so that their motion may be 
treated classically. The Boltzmann equation for the elec-
trons interacting with an acoustic wave of frequency w prop-
agating in the direction of the temperature gradient can be 
written as LO 
a/ a/ e a/ 
- +v·- - -E·- = at ar m S av T 
(2) 
where Es is the longitudinal self-consistent electric field in-
duced by the acoustic wave,j(O) is the local equilibrium Max-
wellian distribution function, and no and ns are the equilib-
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rium value and the fluctuating part [ ~exp[i(k.r - wt)] 1 of 
the electron density, respectively. The relaxation time T is 
assumed to be energy independent. The linearized solution 
of Eq. (2) is obtained by writing the electron distribution 
function in the form 
/=/(0) + j +g exp[i(k.r - wt)]. (3) 
In Eq. (3), the second term is the static component of the 
small deviation from the local equilibrium due to the tem-
perature gradient, whereas the third term represents the os-
cillating component induced by the acoustic wave. The static 
distribution can be found, to first order in VT, by solving the 
static form of Eq. (2), and the result is as follows: 
- (U2 3 ) 2v·v d (0) /= ""2 - - -2-1 , 
uT 2 uT 
where 
and 
UT = (2kBTlm) 112 
kBT aT ~ 
--z. 
m az 
(4) 
(5a) 
(5b) 
The other equations which describe the electron gas in 
the presence of an acoustic wave are the modified Poisson's 
equation and the equation of motion of the lattice, namely, 
and 
aE, 
az 
(6) 
(7) 
where c is the static dielectric constant, f3 is the coupling 
constant, p is the crystal density, and C is the appropriate 
elastic constant. 
Fourier transforming Eqs. (6) and (7) and using Eqs. 
(2)-(4) to eliminate ns one obtains the following dispersion 
relation: 
2Y1 - ikl (l - Y4 )Q 
4(Y2 - YJ ) 
Tenan, Marotta, and Miranda 
(8) 
(9a) 
(9b) 
(9c) 
(lOa) 
(lab) 
(lOc) 
(lad) 
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FIG. I. Variation of the threshold value for the drift velocity as a function of 
kl for a sample of InSb at room temperature. The full line is the result of the 
numerical calculation whereas the dashed line corresponds to the expres-
sion (udluJ'hcc,h = 2/(kl)2. The sound wave was assumed to be propagating 
along the [111] direction (u, = 3.89X 10 5 cm/s). 
with 
fl=i(kuz-UJ)T. (11) 
In Eqs. (8)-(11) UJ is, in general, complex, i.e., 
UJ = UJ R + iUJ I' When UJ I > 0, the wave is amplified. The 
condition for switching over from attenuation to amplifica-
tion is obtained by putting UJ I = 0, i.e., UJ = UJ R • This condi-
tion gives the threshold value of aT laz required for the am-
plification of the wave. The explicit expression for the 
dispersion relation is, in general, quite complicated due to 
the dependence ofEq. (8) on the Yintegrals, Eq. (10). The Y 
integrals, however, can all be expressed in terms of the error 
function II and therefore readily calculable by numerical 
methods. Nevertheless, in the limiting case of kl < 1 and 
UJT< 1, a simple analytical form for both the dispersion rela-
tion and the threshold value of I V T I can be obtained by using 
the asymptotic representation for the error function if> (z), 11 
namely, 
if> (z) = 1- e-z' (nfl (_l)mr(m + 1) +Rn) 
1T m=O z2m+1 
(11) 
Performing the calculations and putting ImUJ = ° in Eqs. 
(8)-(10), the result one obtains in this case is then 
(12) 
so that 
Us 
TkBIVTI 2 
----;;;.--;;;.1. 
mvs (kl )2 (13) 
In Fig. 1 we plot the threshold value for (vd )thresh as a func-
tion of kl, obtained from numerical calculations and from 
Eq. (12) for a typical sample ofInSb. Figure 1 together with 
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Eqs. (12) and (13) first suggest that the results of Ref. 8 are 
the high-frequency limit of the classical approach. Second, 
the thermoelectric amplification, in the low-frequency re-
gion, is frequency dependent, i.e., for a fixed value of IVT I 
only certain modes with frequencies in a given interval [Eq. 
(13)] will become unstable. For very small values of kl, the 
temperature gradient needed becomes forbiddingly large. To 
our knowledge this is the first frequency-selective sound am-
plification mechanism reported so far. All the previous 
mechanisms mentioned in the introduction l - 7 have a fre-
quency-independent threshold. Physically, this frequency-
dependent threshold for the thermoelectric amplification of 
sound may be interpreted as a result of the energy exchange 
between the carriers and the mechanical vibrations as fol-
lows. The power acquired by the carriers at the threshold is 
about 
(14) 
This electrical power comes from the interaction of the carri-
ers with the mechanical vibrations induced by the tempera-
ture difference established in the sample. The excess of ther-
mal (mechanical vibration) power of an acoustic phonon of 
frequency f available in one electron mean free path is about 
k B..1 Tf The effective power transferred to a single electron is 
then given by 
1]k~ Tf = 1]kB I VT I thrlf, (15) 
where 1] is an energy conversion efficiency for one electron. 
This efficiency 1] should, in a first approximation, be roughly 
proportional to the inverse of the number of electrons in one 
acoustic wavelength, i.e., 1] -II A. Hence, equating Eqs. (14) 
and (15), and using Eq. (5b) and 1] -II A, one obtains 
mus ( A)2 mus 2 
I VT I thr = 2kBT I - k8T (kl )2 ' 
which agrees with the result ofEq. (12); i.e., in the short time 
scale where the heat transport is carried by the acoustic 
phonons rather than by diffusion, the power acquired by the 
electrons is essentially dependent on the relative length of 
the carrier mean free path to the acoustic phonon wave-
length (II A ). For a very long wavelength compared to the 
electron mean free path, the power acquired by one electron 
is very small. Hence, to obtain a high drift velocity the gradi-
ent has to be extremely large, as shown in Eq. (12). 
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